A new global three-dimensional (latitude, pressure, time) zonal mean monthly mean ozone database, from 1979 to 2100, has been created. The database extends from 87.5 S to 87.5 N at a 5 latitude resolution and from 878 hPa to 0.0460 hPa in 70 pressure levels ,1 km apart. The full period is divided into two sub-periods, viz: (1) 
Introduction
The global climate model (GCM) simulations for the IPCC fourth assessment report differed in their treatment of ozone radiative forcing and in particular in future ozone radiative forcing (Miller et al. 2006) . For the twentieth century, some simulations used the ozone data set of Randel and Wu (1999) to constrain ozone radiative forcing, others used the data set of Kiehl et al. (1999) , while others excluded ozone radiative forcing altogether. The Randel and Wu database is the output from a linear least squares regression model incorporating decadal trends, solar cycle and quasi-biennial oscillation (QBO) terms. The decadal trends are modelled using equivalent effective stratospheric chlorine (EESC; Daniel et al. 1995) . However, because only ozonesonde profiles from Syowa (69 S) are used to characterize the dependence of ozone on EESC poleward of 60 S, and because Syowa is close to the vortex edge and will occasionally sample extra-vortex air, ozone trends over Antarctica in this database are likely to be underestimated.
There was a similar range of treatment of twenty-first century stratospheric ozone changes; some models assumed that stratospheric ozone remained constant at present day values while others assumed a slow recovery to pre-industrial values. Others, again, excluded ozone radiative forcing completely. Those models that did not include future increases in ozone over southern high latitudes are unlikely to reliably simulate future changes in the southern annular mode (Perlwitz et al. 2008) and hence changes in Antarctic surface climate (Thompson and Solomon 2002) .
While models such as HadCM3 generated their own ozone fields interactively (Johns et al. 2003) , for those models that do not have this functionality, for future GCM simulations there is an urgent need for a homogeneous global and vertically resolved ozone data set spanning the full model simulation period. This paper presents one such possible data set.
The GCMs which are likely to use such an ozone boundary condition database will differ in their horizontal and vertical resolution. Therefore, to avoid spatial sampling biases, we have created the ozone database at high latitudinal and vertical resolution. Zonal means are calculated within 5 latitude zones centred at 87.5 S, 82.5 S . . . 82.5 N, 87.5 N. The database has 70 pressure levels approximately 1 km apart extending from 878 hPa to 0.0460 hPa. This results in a total of 2520 monthly mean ozone number density time series from 1979 to 2100.
CCM simulations are available for the full period (1979-2100). However, if these time series alone were to be used to prescribe the ozone boundary conditions for GCM simulations, it is unlikely that the true ozone radiative forcing would be reproduced in all parts of the atmosphere. The approach taken in this study is to combine the advantages derived from an observational time series (accurate reproduction of ozone radiative forcing) with the advantages derived from CCM simulations of ozone (temporal coverage to 2100). To this end, monthly mean zonal mean ozone number density time series, from 1979 to 2006, were calculated from ozone observations (section 2). To extend these time series to 2100 an ensemble mean of ozone simulations from 10 different CCMs was calculated. Because the absolute values of the CCM time series may be biased, at each latitude and altitude the CCM data are shifted and scaled to match the observations during an overlap period (1997 to 2006), as described further in section 3. Some GCM simulations are planned to also cover the period before 1979, extending possibly as far back as 1850. An ozone database extending back this far is therefore also required. A brief overview of one method by which this may be achieved is provided in section 4.
2. Observational core 
Data sources
The ozone measurements for the observational core of the database are provided by the Binary DataBase of Profiles (BDBP; Hassler et al. 2008 ). The BDBP is constructed from high vertical resolution ozone profile measurements from the SAGE I, SAGE II, HALOE, POAM II and POAM III satellite instruments and from ozonesonde flights made at 135 stations globally.
Calculation of unfilled monthly means
Monthly mean zonal mean ozone number density time series, on the latitude/pressure grid described above, were calculated from all available data sources in the BDBP. A minimum of six data values per month was necessary to calculate a reliable monthly mean. Because version 1.0 of the BDBP does not remove any offsets and drifts between the different data sources, sub-sampling of the available measurements in each month was used to avoid anomalously high and low values (the highest and lowest quartile of the available data were discarded). Since for each individual data 4010 B. Hassler et al.
value an error value was available in the BDBP, monthly means for each latitude band and pressure level were calculated using error weighting (Paradine and Rivett 1964 ):
where x i is the i-th data value, and s i is the error on the i-th data value. Although multiple data sources were used to calculate the monthly mean ozone values, there were periods and locations where there were insufficient data to calculate a valid monthly mean. However, since GCM simulations require a database with no missing values, regression constrained interpolation, as described in section 2.3, was used to fill gaps in the observational time series.
Calculation of filled monthly means
The approach used to fill gaps in the observational time series was to first capture the effects of known sources of geophysical variability in monthly mean ozone through the application of a linear least squares regression model. Regression model estimates of ozone during the periods when ozone is missing, together with interpolated regression anomalies, can then be used to fill the missing values. To this end, at each latitude and pressure, a linear least squares regression model was fitted to the available monthly mean ozone time series. The regression model includes basis functions for a mean annual cycle, EESC, that is sensitive to the mean age of air Hall 2002, Newman et al. 2007) , QBO, solar cycle, El Niñ o Southern Oscillation (ENSO), and for stratospheric aerosol loading resulting from the eruptions of the El Chichó n and Mt. Pinatubo volcanos.
If there are insufficient monthly means to reliably calculate the regression model fit, the data gaps cannot be filled. To this end, a method was developed that permits values to be 'borrowed' from neighbouring pressure levels or latitude bands to ensure that sufficient data are available for the regression model fits. The regression model is fitted first at those latitudes and altitudes where the fewest data are missing. For time series where more than 70 values are missing (,20% of the data) values are borrowed from surrounding time series (that may have already been filled) until only 70 values are missing. This ensures that there are enough data to constrain the regression fit. Specifically, values up to 10 in latitude and 2 km in altitude away are considered for borrowing. Where 10 or more such values are available for borrowing, they are first corrected for latitudinal and vertical gradients using a prescribed monthly mean climatology calculated using unfilled values from 1979 to 2006. The median of these corrected values then provides the borrowed value. Note that this 'borrowing' procedure is used only to obtain sufficient data to reliably constrain the regression model, not to actually fill the data gaps. The next step is to calculate the residuals (measurements minus regression model) and linearly interpolate between these residuals. If data are missing at the beginning or end of the time series, interpolation is not possible and in this case the residuals are simply exponentially decayed to zero with an e-folding time of 12 months. Linearly interpolated residuals would result Remote sensing and the Montreal Protocol 4011 in filled monthly means not showing the same month-to-month variability as the observations. Therefore 'noise', based on quantified variability during periods when observations are available, and including the auto-correlation in that variability, was added to the interpolated residuals. The first order auto-correlation for each ozone time series was determined from consecutive residual pairs, and the remaining 'white noise' determined from the residuals of the auto-correlation model. The auto-correlation and 'white noise' statistics are used to generate a synthetic noise time series which is added to the linearly interpolated residuals.
Where there were insufficient residual pairs to calculate these noise statistics, means of these statistics were obtained from the same surrounding time series as used for the borrowing of values for the regression fit. A graphical example of this procedure for filling the data gaps is provided in figure 1 for the zonal mean ozone between 30 N and 35 N and 58.2 hPa. This method has the advantage of exactly reproducing the measurements where they are available, and providing realistic estimates of ozone through the data gaps based on known sources of variability in ozone. The addition of realistic noise, matching both the magnitude and auto-correlation characteristics of the observed month-to-month variability, to the interpolated residuals results in filled values that are statistically almost indistinguishable from the observed values; long-range correlation in the observations would not be captured in the first order auto-correlation model used to fill the missing monthly means (Vyushin et al. 2007 ). However, this is a second order effect and has been neglected in our procedure for filling missing values.
An example of the effects of data filling on the monthly mean ozone times series between 30 N and 35 N is shown in figure 2.
Extension into the future (2007-2100)

Data sources
CCMVal (Eyring et al. 2005a ) reference simulations have exact specifications for anthropogenic and natural forcings to ensure comparability between output from different models. For the reference simulations from CCMVal where future ozone development is considered (REF2) only anthropogenic forcings are included. Natural forcings, such as the influence of the 11-year solar cycle, were excluded. A QBO was only included in the simulations if the models internally generate a QBO (Eyring et al. 2005b ). REF2 simulations from 10 different CCMs were chosen to extend the database beyond the observations and out to 2100 (Eyring et al. 2007) . The 10 models are listed in table 1 with the start and end dates of their respective REF2 runs. For three models more than one REF2 experiment was available. For each of those three models the mean of their time series was calculated to ensure only one entry per model for the overall ensemble mean. As detailed in table 1, the start and end dates of the REF2 experiments differ from model to model.
Monthly means
In CCMVal all ozone data from the CCMs are given in mass mixing ratio (mole/ mole). The conversion to ozone number density required for this database was done by using the zonal mean temperatures of each model. Beside the conversion of the 4012 B. Hassler et al.
ozone units, interpolation between the model native latitude and vertical grids was required to match that of the observations. Interpolation between latitudes was done linearly after ensuring that the ozone distribution was not changed by the interpolation, whereas interpolation between pressure levels was logarithmic. No extrapolation above the upper boundary of the model was permitted. Finally, the ensemble mean was calculated using an error weighted averaging approach similar to that described in section 2. In this case, however, the 'uncertainty' (1 s value) for any model monthly mean is prescribed as the standard deviation of the differences between the model monthly means and the unweighted ensemble means of all 10 CCMs. In this way, when the weighted ensemble mean is calculated, those models that originally showed the greatest discrepancy from the unweighted ensemble mean, are given reduced emphasis. No provision was made for the fact that the start Remote sensing and the Montreal Protocol 4013 and end dates of the several simulations differ. The result is that while the ensemble mean was calculated from 10 different models from 2000 to 2020, up to 10 hPa, only three different models provided values for the period 2050-2100 (see table 1 ).
Combining the observational core with CCM output
The data from the observational core and the CCM ensemble mean were combined separately for each latitude band and pressure level. During a 10 year 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 Year 10 
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B. Hassler et al. overlap period (1997 Hassler et al. overlap period ( -2006 , measured and modelled ozone values were plotted against each other (see figure 3) to determine a scaling (slope of the straight line fit to the scatter plot) and offset (Y-axis intercept of the straight line fit) to be applied to the CCM ensemble mean values to bring them into better agreement with the observations. An example of the effect of the shift and scaling applied to the CCM ensemble mean is shown in figure 4 . The mean of three independent experiments was calculated to generate the data set of these models. Remote sensing and the Montreal Protocol 4015
Future plans
The next step in this project will be to extend the database back to 1850. While good global coverage of total column ozone measurements is available from 1964 onwards (Fioletov et al. 2002) , global vertical ozone profile data are available mainly with the advent of satellite-based measurements; operational ozonesonde stations before this period are not sufficiently global. Therefore, from 1964 to 1978, a monthly climatology of ozone profiles, calculated from the monthly means over the period 1979-1983, will be scaled to match total column ozone measurements available for this period (Fioletov et al. 2002) . Before 1964, the ground-based total column ozone measurements are not sufficiently spatially dense to permit such an approach. Therefore, for the period 1850-1963, regression model fits to the monthly means from 1964 to 2006 will be used to extend the database back to 1850 assuming that data for all basis functions can be obtained back to that date.
Conclusions
There are a number of metrics which can be used to gauge the success of the Montreal Protocol. One such metric is changes in ozone in response to changes in ozone depleting substances in different regions of the stratosphere. To quantify these changes in ozone, a long-term global vertically resolved database of ozone concentrations is required. The creation of such a database, extending from close to the surface to the lower mesosphere, and covering the period 1979-2100, has been described in detail above. Future work will focus on the attribution of changes in ozone derived from this new database to changes in emissions of ozone depleting substances brought about by the Montreal Protocol and will thereby support the growing body of scientific evidence that demonstrates the success of the Protocol. This database will also be suitable for providing boundary conditions suitable for prescribing ozone radiative forcing in global climate model simulations that do not generate their own ozone fields interactively.
